CNS trauma generates a proteolytic imbalance contributing to secondary injury, including axonopathy and neuron degeneration. Kallikrein 6 (Klk6) is a serine protease implicated in neurodegeneration and here we investigate the role of protease activated receptors 1 (PAR1) and PAR2 in mediating these effects. First we demonstrate Klk6 and the prototypical activator of PAR1, thrombin, as well as PAR1 and PAR2, are each elevated in murine experimental traumatic spinal cord injury (SCI) at acute or subacute time points. Recombinant Klk6 triggered ERK1/2 signaling in cerebellar granule neurons and in the NSC34 spinal cord motoneuron cell line, in a PI3K and MEK-dependent fashion. Importantly, lipopeptide inhibitors of PAR1 or PAR2, and PAR1 genetic deletion, each reduced Klk6-ERK1/2 activation. In addition, Klk6 and thrombin promoted degeneration of cerebellar neurons and exacerbated glutamate neurotoxicity. Moreover, genetic deletion of PAR1 blocked thrombin-mediated cerebellar neurotoxicity and reduced the neurotoxic effects of Klk6. Klk6 also increased glutamate-mediated Bim signaling, PARP cleavage and lactate dehydrogenase (LDH) release in NSC34 motoneurons and these effects were blocked by PAR1 and PAR2 lipopeptide inhibitors. Taken together these data point to a novel Klk6-signaling axis in CNS neurons that is mediated by PAR1 and PAR2 and is positioned to contribute to neurodegeneration.
Introduction
Deregulation of serine proteases, including members of the thrombolytic, fibrinolytic and kallikrein cascades is emerging as an important contributor to CNS pathophysiology (Cunningham et al. 1993 , Tsirka et al. 1997 , Scarisbrick et al. 1997 , Suo et al. 2002 , Junge et al. 2003 , Chen et al. 2012 . Kallikrein 6 (Klk6) is one of the most abundant serine proteases in the adult CNS (Scarisbrick et al. 1997 , Scarisbrick et al. 2001 , Scarisbrick et al. 2006a , and altered levels have been associated with serious CNS disorders, including Alzheimers (Zarghooni et al. 2002 , Mitsui et al. 2002 , Ashby et al. 2011 , Parkinsons (Ogawa et al. 2000 , Iwata et al. 2003 , Kasai et al. 2008 , stroke (Uchida et al. 2004) , spinal cord injury (SCI) (Scarisbrick et al. 1997 , Terayama et al. 2004 , Scarisbrick et al. 2006b , and multiple sclerosis . Despite the potential roles of Klk6 in a wide range of neurological conditions its mechanism of action remains poorly understood.
Thrombin is an abundant serum serine protease with well-defined roles in neurotoxicity in cases of CNS hemorrhage that are mediated in part by proteolytic activation of a seven transmembrane G-protein coupled receptor referred to as protease activated receptor 1 (PAR1) (Vu et al. 1991) . Three other PARs (PAR2-4) have also been identified and like PAR1 are activated by proteolytic cleavage in their extracellular N-terminal domain, creating a tethered ligand that binds intramolecularly to elicit signaling. Thrombin has high affinity for PAR1 while trypsin and mast cell tryptase activate PAR2 (Ramachandran et al. 2012) . As cell surface receptors, PARs endow the cell with the ability to respond, or over respond, to the rapidly changing proteolytic microenvironment such as that occurring at sites of CNS trauma. All four PARs are expressed in the CNS (Junge et al. 2004 , although relatively little is known regarding their CNS-specific roles or regulation in cases of injury or disease.
Currently, Klk6 is best known for its activities in hydrolysis of extracellular matrix proteins, including, laminin, fibronectin and aggrecan (Scarisbrick et al. 2006b ), α-synuclein (Tatebe et al. 2010 ) and myelin proteins ). In addition, we previously showed that Klk6 activates CNS PARs, mediating Ca 2+ flux in neural cell lines ). Klk6 was also recently shown to trigger astrogliosis, promoting activation of ERK1/2, secretion of IL-6 and cellular stellation, in part by proteolytic activation of PAR1 (Scarisbrick et al. 2012a) . Elevated levels of Klk6 have also been shown to promote degeneration of murine cortical neurons in vitro ), which we hypothesize occurs in part by its ability to directly activate neuronal PARs.
Since Klk6 and thrombin are emerging as important regulators of neural pathophysiology, we examined their potential significance to traumatic CNS injury by determining their expression in a contusion-compression model of murine experimental SCI and assessed their neurotoxic properties toward primary cerebellar granule neurons and the NSC34 spinal cord motoneuron cell line in vitro, including the involvement of PARs. Both proteases were shown to be neurotoxic, but key differences in their abundance, regulation in SCI and in the subset of PARs they utilize to promote signaling and neural injury were identified. These studies shed new light on the complex proteolytic microenvironment present at sites of CNS injury and identify both PAR1 and PAR2 as important targets for the development of neuroprotective strategies.
Materials and Methods

Murine Clip Compression Model of Traumatic SCI
Experimental compression injury of the spinal cord was generated in twelve-week old female (22-25 g) C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) using a modified aneurysm clip (FEJOTA mouse clip, 8g closing force generating "moderate injury") (Joshi & Fehlings 2002a) . This model of SCI includes not only an initial impact, but also a persistent compression phase that results in microcystic cavitation, degenerating axons, and robust astrogliosis, all hallmarks of human traumatic SCI (Joshi & Fehlings 2002a , Joshi & Fehlings 2002b , Wells et al. 2003 . Prior to compression, mice were deeply anesthetized with Xylazine (0.125 mg/kg, Akom, Inc., Decatur, IL) and Ketaset (1 mg/kg, Fort Dodge Animal Health, Fort Dodge, IA). A laminectomy was performed at T8 to T10. Injury was induced at the level of T9 by extradural application of the FEJOTA clip for a period of exactly 1 min, which produces mechanical contusion injury to both dorsal and ventral cord. Pain was minimized by administration of Buprenorphine (0.05 mg/kg, Hospira, Lake Forest, IL) subcutaneously every 12 h for 96 h post-surgery. To avoid infection, Baytril (10 mg/kg, Bayer Health Care, Shawnee Mission, KS) was administered intraperitoneally in a prophylactic fashion prior to surgery and for the first 48 h post-surgery. Bladders were manually voided twice daily even after spontaneous recovery of function until the endpoint of each experiment. All animal experiments were performed with strict adherence to NIH Guidelines for animal care and safety and were approved by the Mayo Clinic Institutional Animal Care and Use Committee.
To determine acute (3d) and more chronic (30d) compression related changes in Klk6 protein expression, groups of three experimental mice were allowed to recover to each endpoint. At each time point, 5 mm of spinal cord at the level of injury (epicenter), as well as 5 mm above and 5 mm below, were collected into individual tubes. For analysis of RNA expression levels, separate experimental mice were prepared and the injury epicenter harvested at 3 (acute), 14 (subacute) or 30 (chronic) days post-injury (dpi). In these experiments, mice were also evaluated for the extent of locomotor recovery using the Basso Mouse Scale (BMS) (Basso et al. 2006) . In each case, age and gender matched uninjured mice served as controls and all samples were snap frozen until the time of protein or RNA isolation.
Primary cerebellar granule neuron and NSC34 spinal cord motoneuron cell culture
Primary cerebellar granule neurons are a commonly used model to study mechanisms of neural signaling and survival (Contestabile 2002) and were utilized in the current studies to dissect the roles of PAR1 and PAR2 in Klk6 and thrombin-mediated signaling and neural injury. Cerebellar granule neurons were isolated from postnatal day 4 C57/BL6J mice (Jackson Laboratories), stripped of meninges, and minced. Unless otherwise indicated, all cell culture reagents were obtained from Invitrogen (Carlsbad, CA, USA) and all cells were maintained at 37°C in 95% air and 5% CO 2 . Isolated cerebellum was dissociated by digestion in 0.25% trypsin without EDTA for 10 min 37°C. Cells were plated at density of 1.5-2.0 × 10 5 cells/well on 10μg/mL poly-D-lysine (Sigma) coated glass cover slips or at 1 × 10 6 cells in 6-well plates. Cerebellar neurons were plated in Neurobasal A medium with 10% fetal calf serum (FCS), 2% B27 supplement, 1% N2 supplement, 50 U/mL penicillinstreptomycin, 0.45% glucose, 2mM glutamax, 1mM sodium pyruvate, and 50 μM β-mercaptoethanol (Sigma). As it is relevant to the interpretation of glutamate toxicity, we note that the media contained 1.8 mM Ca 2+ and 0.81 mM Mg 2+ . After 24hr, media was replaced with defined, serum free media containing all components just listed except serum and N2 and neurons allowed to differentiate for an additional 72 hr prior to being subject to experimental conditions. We have previously demonstrated that Klk6 elicits Ca 2+ and MAPK signaling in NSC34 spinal cord motoneurons ) and here we dissect the involvement of PAR1 and/or PAR2 in mediating these effects. As a murine motoneuron cell line that extends neurite like processes (Scarisbrick et al. 2006b , Benavente et al. 2012 , produces acetylcholine (Cashman et al. 1992 , Johann et al. 2011 , expresses glutamate receptor proteins (Eggett et al. 2000) and generates action potentials (Cashman et al. 1992 ), NSC34 neurons have been widely used to study mechanisms of neuron signaling and neuron degeneration (Eggett et al. 2000 , Mercer et al. 2000 , Raimondi et al. 2006 , Prause et al. 2013 . NSC34 spinal cord motoneurons were expanded on tissue culture treated plastic in high glucose Dulbecco's modified Eagle's medium containing 10% fetal calf serum, 50u/mL penicillin-streptomycin and 2mM Glutamax. After plating onto laminin (10 μg/ml, Sigma) coated 6-well tissue culture plates for signaling experiments, the media was replaced with media to induce differentiation which we previously described in detail (Scarisbrick et al. 2006b and which is identical to that used for differentiation of cerebellar granule neurons.
Quantification of Klk6, thrombin and PAR RNA in SCI
To determine changes in expression of RNA encoding Klk6, thrombin, neurofilament, TNF-α, PAR1 or PAR2 in response to traumatic SCI, total RNA was isolated from intact uninjured adult mouse spinal cord, or at 3 or 30d following clip compression injury using Friendswood, TX) . The level of RNA encoding each was determined in 0.5 μg of total RNA using the iScript one-step RT-PCR kit with SYBR ® Green and the iCycler iQ5 system (BioRad, Hercules, CA). In each case, RNA copy number was determined using a standard curve prepared by parallel amplification of cDNA clones diluted to a known copy number as previously described in detail , Scarisbrick et al. 2012b . Primers used to determine transcriptional changes included those for murine Klk6 (NM_011177.2), (F) 5′-CCTACCCTGGCAAGATCAC-3′ and (R) 5′-GGATCCATCTGATATGAGTGC-3′; murine thrombin (NM_010168.2), (F) 5′-GTGAACCTGCCCATTGTA-3′ and (R) 5′-TTCACAAGCATCTCCTCG-3′; murine PAR1 (NM_010169.3), (F) 5′-CTTGCTGATCGTCGCCC-3′ and (R) 5′-TTCACCGTAGCATCTGTCCT-3′; murine PAR2 (NM_007974.3), (F) 5′-CCGGACCGAGAACCTTG-3′ and (R) 5′-CGGAAGAAAGACAGTGGTCAG-3′; murine neurofilament H (NM010904.3) (F) 5′-CATTGAGATTGCCGCTTACAG-3′ and (F) 5′-TTATGTGCGTGGATATGGAGG-3′; and TNF-α (NM_013693.2) hybridization probe (Mm00443258_m1, Applied Biosystems). Amplification of the housekeeping gene glyceraldehydes phosphate 3-dehydrogenase (GAPDH) (NM_008084.2) was used to verify equal loading (F: 5′-ACCACCATGGAGAAGGC -3′ and R: 5′-GGCATGGACTGTGGTCATGA -3′). Given the low amount of RNA isolated from the SCI epicenter, quantification of RNA expression at each time point was determined by combining RNA isolated from three independent animals and this was examined in triplicate. Changes in RNA expression in response to injury were expressed as percent change relative to uninjured control mice. Absolute copy number for each gene in uninjured spinal cord is also provided.
Quantification of Klk6 protein in traumatic-SCI
Western blots to quantify Klk6 protein levels in the uninjured spinal cord and any changes that occur in response to traumatic SCI were performed essentially as previously described , Scarisbrick et al. 2012b ). The SCI epicenter, or an equivalent region of spinal cord from uninjured controls, was harvested from three individual mice at each time point. Samples from each time point were then collectively homogenized in radioimmunoprecipitation assay buffer. Protein samples (50 μg) were resolved by electrophoresis on 10% to 12.5% SDS-PAGE gels (Bio-Rad Laboratories, Hercules, CA) and electroblotted. A standard curve to estimate the absolute abundance of Klk6 in each case was created by including samples of recombinant Klk6 protein (90 to 900 ng/ml) on each gel. Changes in Klk6 protein in response to compression injury were evaluated using a rabbit polyclonal antibody (Rb008) as previously described , Scarisbrick et al. 2012b ). All Westerns were re-probed with an antibody recognizing GAPDH (Abcam, Cambridge, MA), or β-actin (Novus Biologicals, Littleton, CO), to control for equal loading. In each case, signal was detected on film using species appropriate horseradish peroxidase conjugated secondary antibodies (GE Healthcare, Buckinghamshier, UK) and standard chemiluminescent techniques (Pierce, Rockford, IL). Films were scanned and images quantified using Image Lab 2.0 software (Bio-Rad). After establishing equal loading, the amount of Klk6 protein in each sample was determined relative to the Klk6 standard curve and expressed as the mean and s.e. of readings from 3 separate Western blots.
Expression of PAR1 and PAR2 by neurons
The relative abundance of PAR1 and PAR2 in primary cerebellar granule neurons and in the NSC34 spinal cord motoneuron cell line was evaluated by real-time RT-PCR using the primers and methods described above (see also ). Expression of each gene was determined in triplicate cultures and expressed as mean copy number. In addition, neurons grown on glass cover slips were stained for PAR1 or PAR2 using standard immunofluorescence techniques. PAR1 was localized using a goat polyclonal antibody SC-8202 and PAR2 using a goat polyclonal antibody SC-8205 (Santa Cruz Biotechnology, Santa Cruz, CA). Primary antibody binding was visualized using an affinity-purified, FITC fluorochrome-conjugated secondary antibody (Jackson Immunoresearch Laboratories, Westgrove, PA). Immunostained cells were visualized using a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss, Jena, Germany).
Klk6-and thrombin-mediated signaling in neurons
To evaluate changes in neuron signaling in response to Klk6 (5 μg/ml, 150 nM), or thrombin (5 μg/ml, 135 nM), primary cerebellar granule neurons or NSC34 spinal cord motoneurons were plated on 6 well plates, allowed to mature for 72 h and then treated with protease for periods of 5 or 30 min. Klk6 was expressed as recombinant protein from an insect cell/ baculovirus expression system, activated and purified as we have previously described in detail , Scarisbrick et al. 2012a ). Thrombin isolated from human plasma was obtained from enzyme research laboratories (South Bend, IN). Harvested proteins (50 μg) were electroblotted and membranes probed with primary antibodies recognizing phospho-extracellular signal regulated kinase (ERK1/2) and total ERK1/2, phospho-protein kinase B (AKT) and total AKT, Bim EL (Cell Signaling Technology, Danvers, MA) or poly-ADP-ribose polymerase (PARP antibody was a gift from Dr. S. Kauffman (Mayo Clinic, Rochester MN) (Kaufmann et al. 1993) . Signal in each case was detected as described above and relative changes determined by normalizing optical density measurements to β-Actin or GAPDH.
To determine the dependence of Klk6 or thrombin-mediated signaling in cerebellar granule neurons on PAR1, signaling experiments were repeated using neurons derived from either PAR1+/+ or PAR1−/− mice (B6.129S4-F2r tm1Ajc , Jackson Laboratories, Bar Harbor, ME). PAR1−/− mice have been back crossed for more than 25 generations to C57BL6/J. The role of PAR1 and PAR2 in protease-mediated signaling was determined in primary cerebellar granule neurons and in NSC34 spinal cord motoneurons by pre-treating cultures for 3 h with vehicle alone or with 30 μM of either a PAR1 (P1pal-7, palmitate-KKSRALF-NH 2 ), or a PAR2 (P2pal-18S, palmitate-RSSAMDENSEKKRKSAIK-NH 2 ) lipopeptide inhibitor (Cisowski et al. 2011 , Sevigny et al. 2011 , alone or in combination. Palmitoylated peptides (lipopeptides), referred to as Pepducins, were synthesized by standard Fmoc solid-phase synthetic methods with C-terminal amides and the composition of each conjugated peptide confirmed by mass spectrometry (Mayo Clinic, Peptide Core). The involvement of PI3K, MEK or PKC in Klk6-mediated ERK1/2 signaling was established by determining the impact of pre-treating cultures with either Wartmannin (200 nM), U0126 (150 nM) or Go 6983 (120nM, Tocris Bioscience, Minneapolis, MN), for 30 min prior to application of recombinant Klk6 (5 μg/ml (150 nM)). Density measurements for signaling experiments were expressed as a percent of the maximal response observed and each experiment was repeated independently three times and the mean and s.e. of these triplicates used for statistical analysis and in the histograms shown.
Neurotoxic effects of Klk6 and thrombin
The potential neurotoxic effects of excess Klk6 or thrombin were evaluated in primary cultures of cerebellar granule neurons grown at a density of 1.5-2.0 × 10 5 cells/mm 2 on poly-L-lysine coated glass cover slips. Neurons were plated and allowed to mature for 72 h in defined media prior to application of 10 μg/ml of either Klk6 (300 nM) or thrombin (270 nM). This concentration of Klk6 represents approximately 5-fold higher levels than those known to be present in human cerebrospinal fluid (Diamandis et al. 2000 , Shaw & Diamandis 2007 ) and mirror the elevated levels of Klk6 protein quantified in the spinal cord injury epicenter and above at 3 dpi (Fig. 1b) . Twenty-four h after treatment, cells were fixed with 2% paraformalydehyde and stained with Coomassie Brilliant blue R-250 (Bio-Rad). Alternatively, cultures were stained for neurofilament H protein (rabbit polyclonal, AHP245 Serotec, Raleigh, NC) using standard avidin-biotin histochemistry . The impact of excess glutamate on Klk6 or thrombin-elicited neurotoxicity was evaluated in parallel cultures that were additionally treated with 250 μM L-glutamate (Sigma) (Regan & Choi 1991 , Eggett et al. 2000 , Biasini et al. 2013 or vehicle alone.
The impact of either Klk6 or thrombin on neuron number and neurite density was quantified from 5 digitally captured 40X pre-determined microscopic fields encompassing the center and 4 poles of each cover slip taken without knowledge of the treatment groups (Regan & Choi 1991 , Park et al. 1999 , Scarisbrick et al. 2006b , Koshimizu et al. 2009 . Digital images were then used to make counts of intact neurons. A mean of 170 ± 10.9 neurons were counted per coverslip. Neurite number was evaluated by superimposing a grid consisting of 522.5 μm 2 squares on to each digital image and counting processes which overlapped grid lines . Histograms shown represent the mean and standard error of counts across 3 independent cover slips treated in parallel within a given experiment and results were reproducible across 3 experiments utilizing separate murine cerebellar granule neuron preparations.
To determine the role of PAR1 in Klk6-or thrombin-mediated neurotoxicity, experiments were repeated examining the effects of each protease toward PAR1+/+ or PAR1−/− cerebellar granule neurons grown in parallel. In these experiments, Klk6 was applied at either 150 or 300 nM and thrombin at either 135 or 270 nM. After a 24 h treatment period, neurons were stained with Coomassie and both neuron and neurite number quantified as described.
To evaluate the ability of Klk6 to exacerbate glutamate neurotoxicity, we examined its effects on Bim protein levels and cleavage of a downstream indicator of apoptosis that is PARP cleavage, in NSC34 spinal cord motoneurons. NSC34 motoneurons were treated with glutamate alone (300 μM), or with glutamate in addition to 0.5, 1 or 3 μg/ml Klk6 (15, 30 or 90 nM). The possible role of PAR1 and PAR2 in mediating Klk6-glutamate elicited Bim signaling or PARP cleavage was then evaluated by pre-treatment of cultures for 3hr with 30 μM of the PAR1-(P1pal-7) and PAR2-specific (P2pal-18s) lipopeptide inhibitors, prior to application of Klk6, or Klk6 in addition to glutamate. Protein was harvested 24 h after treatment and the level of Bim protein and cleaved PARP analyzed by Western blot. At the time of protein harvest, the media was also collected and snap frozen at −70 C for later examination of lactate dehydrogenase (LDH) levels (Clontech, Mountain View, CA).
Statistical analysis
Statistical differences in the case of pair wise comparisons were made using unpaired Student's t-tests. When comparisons were made between multiple groups, One Way ANOVA with the Student Newman Keul's (SNK) post hoc test was applied. In all cases, p < 0.05 was considered to be statistically significant.
Results
Regulated expression of Klk6, thrombin and their receptors in a clip compression model of traumatic SCI
To investigate the relevance of Klk6 to the SCI microenvironment, we quantified changes in Klk6 protein at 0, 3 and 30 dpi (Fig. 1a, b) . Levels of Klk6 were quantified using Western blot at the level of the injury epicenter, as well as in the spinal segments for 5 mm above and 5 mm below. At 3dpi, Klk6 protein levels increased by approximately 3-fold at the injury epicenter from 1.5 ng/mg ± 0.2 to 4.6 ng/mg ± 0.4 (p = 0.004, Students t-test). Equivalent increases in Klk6 protein were also observed in the 5 mm of spinal cord tissue examined above the site of compression at 3 dpi (p ≤ 0.001, Students t-test), while Klk6 protein was unchanged in the 5 mm of spinal cord tissue below the lesion epicenter. By 30 dpi, overall Klk6 levels at the site of compression and above had returned to uninjured control levels, while below the lesion, Klk6 levels were substantially reduced (p = 0.001, Students t-test). At 30 dpi, the Klk6 antibody detected two bands, including a band of 27 kDa detected in each of the other samples, in addition to a band approximately 2 kDa greater. De novo detection of the upper band may reflect an increase in the amount of the zymogen precursor for Klk6 or differential glycosylation at 30 dpi.
To evaluate the potential for Klk6 to mediate its effects by signaling through PAR1 and/or PAR2 in traumatic SCI, we evaluated transcriptional changes in the expression of each gene at acute (3 dpi), subacute (14 dpi) and more chronic (30 dpi) time points post-injury (Fig.  1d-g ). Since thrombin is the prototypical activator of PAR1 (Vu et al. 1991) , and known to mediate neurotoxicity (Smirnova et al. 1998) , possible transcriptional changes in this serine protease were also examined in parallel, although possibly the greatest source of thrombin in acute SCI will be extravasation. The mean BMS score of mice examined was 0.7 ± 0.2 (3 dpi), 1.9 ± 0.5 (14 dpi), and 3.2 ± 0.9 (30 dpi) respectively, paralleling paralysis and the extent of recovery seen in prior studies using the Ohio state impactor contusion injury model (Basso et al. 2006) (Fig. 1c) . As expected, Klk6 RNA was detected at high levels in the uninjured spinal cord (approximately 10 7 copies in 0.5 μg of RNA) and elevated by approximately 1.8-fold within the injury epicenter at 3 dpi (p < 0.008, Students t-test) , Scarisbrick et al. 2012b . Thrombin RNA by contrast was far less abundant in the uninjured spinal cord, (approximately 10 2 copies in 0.5 μg of RNA) and elevated by 2.5-fold at the site of injury by 14 dpi (p ≤ 0.001, Students t-test). Like Klk6, PAR1 RNA was expressed at high levels in the uninjured spinal cord (approximately 10 7 copies in 0.5 μg of RNA), while PAR2 RNA was expressed at approximately 4-log lower levels. RNA encoding each PAR was significantly elevated (1.5 to 2-fold) at the site of injury by 14 dpi (p < 0.008, Students t-test). Validating the injury model, levels of RNA encoding the pro-inflammatory cytokine TNF-α were significantly elevated, while neurofilament H RNA levels were significantly decreased over the same period post injury ( Fig. 1h and 1i ).
Klk6 elicits ERK1/2 signaling in neurons by activation of PAR1 and PAR2
Primary murine cerebellar granule neurons and the murine NSC34 spinal cord motoneuron cell line were used to evaluate the potential neurotoxic effects mediated by Klk6 and thrombin as well as the involvement of PAR1 and PAR2 (Figs. 2-6 ). First, we used quantitative RT-PCR to demonstrate that PAR1 RNA was abundant in each neuron type being expressed at 5.7×10 5 ± 5.8 ×10 4 copies in 0.5 μg of cerebellar granule neuron RNA and at 3.7×10 5 ± 2.0 ×10 3 copies in an equal amount of NSC34 motoneuron RNA (Fig. 2e) . By contrast, and in parallel to the relative distribution of PAR1 and PAR2 in the murine spinal cord (Fig. 1f-g ) and in murine cortical neurons , PAR2 RNA levels were detected at approximately 3-log lower levels, with 5.1×10 2 ± 6.9 ×10 1 and 8.1×10 1 ± 4.3 detected in 0.5 μg of RNA purified from cerebellar granule neurons or NSC34 motoneurons, respectively. Punctuate staining for each receptor was also visualized in each neuron type using PAR1-and PAR2-specific antibodies (Fig. 2a-d) .
In both primary cerebellar granule neurons and NSC34 spinal cord motoneurons, Klk6 elicited robust activation of ERK1/2, although the timing of activation in each neuron type differed slightly (Fig. 3) . In primary neurons, Klk6 triggered ERK1/2 activation as early as 5 min after treatment and this remained significantly elevated out to the 30 min endpoint examined (p < 0.03, Students t-test) (Fig. 3a) . In NSC34 motoneurons, Klk6 elicited significant ERK1/2 activation at 15 and 30 min treatment intervals (Fig. 3c) . By contrast, the thrombin elicited elevations in ERK1/2 activation seen in cerebellar granule neurons (Fig.  3a) did not reach the level of statistical significance across three independent experiments. In NSC34 motoneurons, thrombin reduced ERK1/2 signaling (Fig. 3c , p ≤ 0.05, Students ttest). Neither Klk6 nor thrombin significantly altered signaling in the AKT pathway in these neuron types under the conditions of this study.
Using a combination of primary cerebellar granule neurons derived from PAR1 deficient or WT mice, NSC34 spinal cord motoneurons and novel lipopeptide inhibitors of PAR1 and PAR2, we demonstrate that both PARs are likely to play an important role in Klk6-mediated ERK1/2 signaling ( Fig. 3a-d) . Genetic deletion of PAR1 in cerebellar granule neurons blocked the ability of Klk6 to elicit significant ERK1/2 activation (Fig. 3a, p ≤ 0. 
05, Students t-test).
Pre-incubation of primary cerebellar granule neurons or NSC34 motoneurons with a lipopeptide inhibitor of PAR1 Gi3 (P1pal-7), also significantly reduced (5 min time point), or eliminated (30 min time point), the ability of Klk6 to elicit ERK1/2 signaling (Fig. 3b , p ≤ 0.05, Students t-test). Interestingly, a lipopeptide targeting PAR2 Gi3 (P1pal-18s) suppressed baseline ERK1/2 signaling in primary neurons and reduced the ability of Klk6 to elicit ERK1/2 activation at the 5 min time point (p ≤ 0.05, Students t-test). Importantly, when both PAR1-and PAR2-lipopeptides were applied to primary cerebellar granule neurons, baseline ERK1/2 activation was significantly reduced and Klk6 was unable to elicit any significant signaling at either the 5 or 30 min time points examined (Fig. 3b, p ≤ 
0.008, Students t-test).
In NSC34 spinal cord motoneurons, the PAR1-and PAR2-lipopeptide inhibitors also blocked Klk6-mediated ERK1/2 signaling when applied alone or in combination (Fig. 3d, p ≤ 0. 
05, Students t-test).
The lipopeptide inhibitors applied in these studies target ERK1/2 signaling mediated by PAR1 or PAR2, and correspondingly, no significant effect on baseline AKT signaling was observed (data not shown).
To further investigate the intracellular signaling cascades leading to Klk6-mediated ERK1/2 signaling, we evaluated the ability of inhibitors of PI3K, MEK or PKC to block the signaling observed (Fig. 4) . In primary cerebellar and NSC34 spinal cord motoneurons the PI3K inhibitor Wartmannin completely blocked Klk6-mediated ERK1/2 activation (Fig. 4a and c) . The MEK inhibitor, U0126, also significantly suppressed the ability of Klk6 to elicit ERK1/2 signaling ( Fig. 4b and d) . By contrast, an inhibitor of PKC (Go 6983) had no significant effect on Klk6-mediated ERK1/2 activation in primary neurons (data not shown).
Klk6 and thrombin elicit cerebellar granule neuron toxicity in vitro and exacerbate glutamate-mediated neurotoxicity
Recombinant Klk6 triggers a significant reduction in cerebellar granule neuron numbers and neuronal processes after 24 h treatment in vitro (Fig. 5a ). Parallel concentrations of thrombin elicited equivalent neurotoxic effects. Since glutamate is a well-recognized mediator of neurotoxicity, we investigated whether Klk6 or thrombin exacerbate glutamate's effects. 250 μM glutamate, or 10 μg/ml of Klk6 (300 nM) or thrombin (270 nM), each elicited a similar level of neurotoxicity, with approximately 40 to 50% of neurons and neuronal processes being lost after 24 h treatment in vitro (Fig. 5a-f , p ≤ 0.008, SNK). When Klk6 or thrombin were applied in combination with glutamate, an increased level of neuron loss and process damage was observed relative to the effects of either agent alone (approximately a 20% increase in neuron degeneration and 30% increase in process loss (p ≤ 0.003, SNK).
To investigate the possible signaling mechanism involved in Klk6-glutamate-mediated neural injury, and whether this could be altered by targeting PAR1 and PAR2 using novel lipopeptide inhibitors, we examined signaling of the pro-apoptotic protein Bim using the NSC34 spinal cord motoneuron cell line as a model. Treatment of NSC34 motoneurons with glutamate elicited a significant increase in Bim (Fig. 6a-c , p ≤ 0.05, Students t-test). While Klk6 did not elevate Bim signaling on its own, it did significantly elevate that elicited by glutamate (p ≤ 0.05, Students t-test). The co-application of Klk6 and glutamate also increased levels of cleaved PARP (Fig. 6e) and release of LDH into the cell culture supernatant (Fig. 6h) . The ability of Klk6 and glutamate co-treatment to elevate Bim signaling or to increase cleaved PARP and LDH release were all blocked by pre-incubation of NSC34 motoneurons with lipopeptide inhibitors of PAR1 and PAR2 (Fig. 6c, f and i) . Notably, the PAR lipopeptide inhibitors did not affect elevations in Bim seen in the presence of glutamate alone.
Klk6-and thrombin-induced neurite retraction are reduced with the absence of PAR1
To further evaluate the role of PAR1 in Klk6-mediated neurotoxicity we examined whether cerebellar granule neurons derived from PAR1 deficient mice show reduced levels of protease-elicited toxicity relative to neurons derived from wild type littermates (Fig. 7) . In the absence of PAR1, there was a 15% reduction in the loss of neuronal processes elicited by 5 μg/ml Klk6 (150 nM, 15% reduction, p < 0.03), or by an equivalent amount of thrombin (135 nM, 45% reduction, p < 0.004). The absence of PAR1 also reduced loss of neuron processes in response to higher concentrations of thrombin (270 nM, 30% reduction, p ≤ 0.001), but not in response to the higher concentrations of Klk6 examined (300 nM). The absence of PAR1 did not significantly alter Klk6-mediated loss of neurons, but did significantly reduce that triggered by thrombin, at least at the lower concentrations (135 nM) examined (approximate 50% reduction, p ≤ 0.001, SNK).
Discussion
In this study we identify Klk6, like thrombin, as an important mediator of CNS neurotoxicity by a mechanism involving activation of PAR1. First, we show that Klk6 and thrombin, as well as PAR1 and PAR2, are each elevated in a murine model of experimental compression SCI, positioning each as a key player in the cascade of events that drive secondary injury. Using genetic and novel lipopeptide antagonists of PARs, we show Klk6 elicits robust ERK1/2 signaling in primary cerebellar neurons and in a spinal cord motoneuron cell line by a mechanism that involves activation of both PAR1 and PAR2. Further, both Klk6 and thrombin were shown to potentiate glutamate-neurotoxicity, with the effects of Klk6 involving a PAR1-and PAR2-dependent Bim signaling cascade. Moreover, both Klk6 and thrombin mediated neurotoxicity in primary neurons in vitro was significantly reduced by genetic deletion of PAR1. Taken together these studies identify the Klk6-and thrombin-PAR signaling axes as potentially important players in the response of CNS neurons to injury and as targets for the development of neuroprotective strategies.
Regulated expression of kallikrein 6 and thrombin in traumatic SCI
Due to their participation in regulatory cascades, serine protease activity in all organ systems, including the CNS, is tightly regulated at the level of expression and proteolytic activation/inactivation. Deregulated levels of thrombin and the plasminogen activators are known to promote neuropathophysiological changes, including neuron injury and gliopathy (Tsirka et al. 1995 , Striggow et al. 2000 , Friedmann et al. 2001 , Choi et al. 2003 , Nicole et al. 2005 , Bennur et al. 2007 . Kallikreins represent the largest contiguous cluster of serine proteases in the human genome with each found in serum and 11 of the 15 family members expressed in the CNS (Scarisbrick et al. 2006a , Shaw & Diamandis 2007 . Kallikreins are therefore an important family of serine proteases positioned to mediate CNS injury and disease, particularly in cases in which the blood brain barrier is compromised such as stroke, SCI and multiple sclerosis.
Kallikrein 6 is of particular interest with respect to CNS physiology and pathophysiology since it is expressed at high levels in the brain and spinal cord and expression includes both neurons and oligodendroglia (Scarisbrick et al. 1997 , Scarisbrick et al. 2000 . In addition, Klk6 expression is induced/elevated in reactive astroglia and infiltrating immune cells in all CNS pathologies examined to date, including SCI, multiple sclerosis and glioblastoma multiforme (Scarisbrick et al. 2006b , Scarisbrick et al. 2012a . Further establishing the significance of Klk6 to CNS trauma, in this study we demonstrate that Klk6 RNA and protein are elevated acutely (3 dpi) in murine experimental SCI. Importantly, elevations in Klk6 protein were seen at the injury epicenter and in spinal segments immediately above. Interestingly, in spinal segments immediately below the epicenter, Klk6 levels were unchanged acutely and significantly reduced at more chronic stages. We previously showed Klk6 to be elevated in reactive astrocytes and monocytes/ microglia in rat contusion injury and in post-mortem cases of human SCI (Scarisbrick et al. 2006b , Scarisbrick et al. 2012a and it is therefore likely that elevations seen here reflect similar cellular changes. Importantly, immunohistochemical analysis of Klk6 in the rat contusion model also revealed peak elevations at acute stages (Scarisbrick et al. 2006b ), pointing to this period as a potentially key therapeutic window. Elevations in Klk6 in response to intraperitoneal injection of the AMPA/kainite glutamate receptor agonist, kainic acid, also peaked at 3d (Scarisbrick et al. 1997) . The significant reductions in Klk6 below the site of compression injury at 30 dpi may reflect a loss of activity caudal to the injury site and/or the degeneration of Klk6 producing cells.
Using quantitative real-time PCR we demonstrate that thrombin RNA is also expressed in the parenchyma of the adult spinal cord, albeit at 5-log lower levels than Klk6. In general agreement with conventional PCR results in rat contusion injury (Citron et al. 2000) , we observed thrombin RNA to increase more than 2-fold subacutely. At least low levels of thrombin RNA have also been detected in rodent brain (Dihanich et al. 1991) and increases documented in other pathophysiological conditions, including ischemia and Alzheimers (Riek-Burchardt et al. 2002 , Arai et al. 2006 , Chen et al. 2012 . There is considerable evidence that elevated levels of thrombin mediate neurotoxicity in a PAR1-dependent fashion (Smirnova et al. 1998 , Turgeon et al. 1998 , Choi et al. 2005 , Fujimoto et al. 2006 , Han et al. 2011 ) and this was confirmed here using primary cerebellar granule neurons as a model. Thrombin potentiates NMDA receptor function , Han et al. 2011 ) and promotes apoptosis of cultured neurons and astrocytes (Donovan et al. 1997) . Thrombin can also have direct effects on blood brain barrier tight junctions (Kondo et al. 2009 ), astrogliosis (Wang et al. 2002 , Nicole et al. 2005 ) and induces inflammatory responses, including microglial activation (Suo et al. 2002 , Choi et al. 2005 , Henrich-Noack et al. 2006 , each of which can further exacerbate neural injury (Nishino et al. 1993 , Keep et al. 2005 . In cases of SCI therefore, in which the BBB is compromised, thrombin proteolytic cascades may become deregulated due to entry from blood where it is found at micromolar concentrations (Putnam 1975) and as the present studies show, as a result of transcriptional elevations within the parenchyma of the spinal cord.
Kallikrein 6 as a signaling molecule in the intact and injured CNS
Klk6 elicited robust ERK1/2 signaling in primary cerebellar granule neurons and in the NSC34 spinal cord motoneuron cell line. PAR1 was shown to be an essential mediator of this signaling, since genetic loss of the receptor in cerebellar neurons blocked Klk6-ERK1/2-activation. We also present evidence that Klk6 additionally activates PAR2 in cerebellar granule neurons and the NSC34 motoneuron cell line, since either a PAR1 or a PAR2 lipopeptide inhibitor significantly reduced Klk6-mediated ERK1/2 signaling. Importantly, simultaneous application of the PAR1 and PAR2 lipopeptide inhibitors completely blocked Klk6-ERK1/2-activation in both neuron types. Also, in each case, ERK1/2 signaling was dependent on activation of PI3K and Mek. Future studies will be needed to determine the generalizability of these findings to other neuron populations, but given the widespread expression of PARs in the CNS (Striggow et al. 2001) , including cortical neurons , hippocampal neurons (Gorbacheva et al. 2006 ) and cerebellar granule neurons as shown herein, we believe the current findings point to a new signaling axis involving Klk6 activation of PAR1 and PAR2. Importantly, by way of activation of ERK1/2 the Klk6-PAR signaling axis would be capable of affecting fundamental properties governing neuron physiology and the response to injury (Waltereit & Weller 2003 ).
Since we show both PAR1 and PAR2 RNA are constitutively expressed in the adult spinal cord, and are elevated at subacute time points after traumatic SCI, these G-protein coupled receptors are poised to mediate the hormone-like actions of proteases such as Klk6 under physiological and pathophysiological conditions. PAR1 was previously shown to be elevated in the contused rat spinal cord (Citron et al. 2000) . Prior studies have also shown PAR1 to be associated with CNS astrocytes and a subpopulation of neurons (Junge et al. 2004 , Han et al. 2011 ) and here we demonstrate abundant expression at an RNA level by cerebellar granule neurons in vitro. In cases of CNS injury, elevations in PAR1 have been specifically associated with astrocytes in Parkinsons (Ishida et al. 2006) , in human immunodeficiency virus (HIV) encephalitis (Boven et al. 2003) and in rodent models of Alzheimers (Pompili et al. 2004) . Elevations in PAR2 have been reported in association with neurons in HIV-1 associated dementia (Noorbakhsh et al. 2005) . Interestingly, quantitative PCR in the present studies indicates PAR1 RNA is expressed at approximately 4-log higher levels in spinal cord and more than 2-log higher levels in cerebellar granule neurons relative to PAR2. Similarly, in a prior report we demonstrated significantly higher expression levels of PAR1 in murine cortical neurons, in murine whole brain and in the NSC34 spinal cord motoneuron cell line relative to PAR2 . Taken together these studies point to a particularly prominent role for PAR1 in the CNS.
Involvement of kallikrein 6-PAR signaling in neurotoxicity including that mediated by glutamate
A direct role for PAR1 in mediating Klk6 and thrombin generated toxicity in CNS neurons was established in the present studies using cerebellar granule neurons derived from wild type or PAR1 deficient mice. The absence of PAR1 completely blocked thrombin-mediated degeneration of cerebellar neurons and neural processes at the lower concentrations examined. In parallel, the absence of PAR1 also significantly reduced Klk6-mediated loss of neural processes, although neurotoxicity was not blocked. Given our findings that both PAR1 and PAR2 play a role in Klk6-medited ERK1/2 signaling, it is possible that PAR2 may also play a role in Klk6-neurotoxicity and additional studies to determine the effects of blocking both PAR1 and PAR2 will be an important future direction. To further delineate the scope of action of Klk6 and thrombin in neural injury it will also be important to examine a broader range of protease concentrations and neuron cell types in future studies.
Excess glutamate signaling is a well-recognized mediator of secondary injury in cases of CNS trauma and disease by a mechanism that involves excitotoxicity (Springer et al. 1997 , Lin et al. 1998 , Rossi et al. 2000 or by the induction of oxidative stress (Bridges et al. 2012) . Prior studies demonstrating Klk6 is up regulated in the rat spinal cord in response to activation of the AMPA/kainite glutamate receptor (Scarisbrick et al. 1997 ) position this secreted serine protease to play an integral role in proteolytic injury in the context of glutamate receptor activation and therefore we examined the possibility of combinatorial effects. In the present study, we demonstrate that both Klk6 and thrombin-mediated neurotoxicity toward cerebellar neurons is exacerbated by glutamate. In the case of the complete media conditions used in this study, Klk6 (300 nM), thrombin (270 nM) and glutamate (250 μM) each elicited similar levels of neural injury in primary neurons, suggesting that in excess; each can serve as a neurotoxic agent on its own. Klk6 was also shown to augment glutamate-mediated signaling through the pro-apoptotic protein Bim and well as glutamate-mediated PARP cleavage and LDH release in NSC34 spinal cord motoneurons. These Klk6-mediated pro-injury effects were further shown to be PARdependent since each was blocked by lipopeptide inhibitors of PAR1 and PAR2. These data taken with findings that the harmful actions of PAR1 in ischemia require NMDA receptor function (Hamill et al. 2009 ) suggest that PAR/glutamate receptor co-activation is an important mediator of neurotoxicity. Since glutamate was evaluated in the present studies, rather than agonists of individual receptor subtypes, additional studies will be needed to determine which specific glutamate receptor(s) may be involved. Also, determination of which mechanism of glutamate neurotoxicity, albeit excitotoxicity and/or oxidative stress due to disruption of the cystine-glutamate exchanger (Murphy et al. 1990 , Ratan et al. 1994 , Himi et al. 2003 could be addressed as this line of research unfolds.
Together, the results presented indicate that Klk6, like thrombin (Chen et al. 2012) , is an important proteolytic mediator of signaling in CNS neurons and involved in neurotoxicity, including an exacerbation of that generated by glutamate. Of interest, we previously demonstrated that Klk6 activates PAR1 on astrocytes (Scarisbrick et al. 2012a ) and activation of astrocytic PAR1 is known to promote glutamate release (Nicole et al. 2005 , Hermann et al. 2009 ). These findings taken with those of the present study point to a PARagonist-mediated neurotoxicity cascade whereby Klk6 and thrombin signal directly through neuronal-PAR, or indirectly through astrocyte-PAR, to promote neuron injury. Therefore, Klk6 and the PARs it activates across neurons and glia represent novel targets for the development of neuroprotective strategies. Western blot (a) and corresponding histogram (b) show differential expression of Klk6 protein in the uninjured spinal cord (control) and at the level of the injury epicenter, as well as above and below at 3 and 30 days post-clip compression injury (GAPDH was used to control for loading). At 3 dpi, Klk6 protein levels (ng/mg of spinal cord) were elevated by 3-fold at the injury epicenter (p = 0.004) and above (p ≤ 0.001, Student's t-test). At 30 dpi, Klk6 protein levels were significantly reduced below the epicenter (p = 0.001, Student's ttest). (c) Graph shows the mean BMS score at acute (3d), subacute (14d) and chronic (30d) time points post-injury. Histograms (d) to (i), show changes in RNA expression for Klk6, thrombin, PAR1, PAR2, TNF-α and Neurofilament H at 3, 14 and 30 dpi relative to levels detected in the uninjured control (0 dpi) spinal cord. Klk6 RNA levels were significantly elevated at acute stages, while thrombin, PAR1 and PAR2 RNA levels were elevated at subacute time points (*p = 0.02, **p ≤ 0.008, ***p ≤ 0.001, Student's t-test). TNF-α RNA expression was elevated by 3d, peaked at 14d and remained elevated out to 30 dpi. By contrast, neurofilament H RNA was significantly decreased from 3 to 30 dpi. The mean copy number of each gene RNA transcript amplified in 0.25 μg of RNA from uninjured spinal cord is also provided (upper left corner), indicating that Klk6 is expressed at approximately 5-log higher levels than thrombin, while PAR1 is expressed at approximately 4-log higher levels relative to PAR2. (a to f), Photomicrographs show cerebellar granule neurons either (a) untreated, or (b, c) treated with 300 nM of either Klk6 or 270 nM thrombin alone, or in combination with glutamate (250 μM, e, f) for 24 hr. Paraformalydehyde fixed cultures were stained by Coomassie and neuron and process number quantified (g, h). Klk6 and thrombin each reduced neuron and neural process number relative to vehicle treated control cultures paralleling the neurotoxic effects generated by 250 μM glutamate alone (d). The combination of glutamate in addition to Klk6, or thrombin, generated greater neuron and neural process loss than did any of these treatments alone (C, vehicle control; *p ≤ 0.05, **p ≤ 0.008; ***p ≤ 0.002, SNK). (Scale bar = 50 μm). Western blots and corresponding histograms show that treatment of NSC34 neurons with glutamate (300 μM) for 24 hr increases expression of Bim (a to c, Bim EL isoform shown). The level of glutamate elicited Bim expression was further increased by co-application of Klk6 (0.5 μg/ml (15 nM) or 1 μg/ml (30 nM), b). In combination, Klk6 and glutamate also significantly elevated levels of cleaved PARP (full length 116kDa, cleaved 89kDa, e) and release of LDH (h). Pre-treatment of NSC34 motoneurons with lipopeptide inhibitors of PAR1 and PAR2, blocked the ability of Klk6 to enhance glutamate-mediated Bim The absence of PAR1 also blocked or reduced the ability of thrombin to promote neurite loss in the case of both 150 and 300 nM treatment conditions. The absence of PAR1 also reduced the ability of Klk6 to promote neurite loss at the lower concentration examined (*p = 0.03, **p = 0.004, ***p ≤ 0.001, SNK). (Scale bar = 50 μm)
